Introduction
Spin-orbital interaction of a photon manifests itself in two effects. The first one is the influence of the trajectory on the light polarization. The second one is the influence of the polarization on the trajectory of light. The influence of the trajectory on the light polarization has been investigated theoretically (Chiao & Wu, 1986; Rytov, 1938; Vladimirskii, 1941) and the change in the azimuth of linearly polarized light has been observed experimentally under light propagation through a helical (coiled into a spiral) single mode optical fiber (Tomita & Chiao, 1986) . The influence of light polarization on trajectory was demonstrated for the first time under total internal reflection. It was shown that reflected rays suffer a longitudinal shift for the linearly polarized light (Goos & Hanchen, 1947; 1949; Picht, 1929) and transverse shift for the circularly polarized light (Fedorov, 1955; Imbert, 1972) . The value of the shifts is on the order of the light wavelength and depends on the state of light polarization. All mentioned effects have been investigated independently till 1990. The influence of the trajectory on polarization and the influence of the polarization on the trajectory were considered as mutually inverse effects for the first time by Liberman in 1990 (Zel'dovich & Liberman, 1990) . The interpretation of these effects in terms of quantum mechanics as an interaction between the orbital momentum of photon and its spin (polarization) has been done by Zeldovich, Dooghin, Kundikova and Liberman in 1991 (Doogin et al., 1991) . This interpretation was based on prediction and experimental investigation of optical Magnus effect. The effect manifests itself as speckle pattern rotation of circular polarized light transmitted through a multimode step-index fiber under circular polarization sign change (Doogin et al., 1992; 1991) .
The chapter describes the results obtained in our laboratory, namely the results of investigation of optical effects connected with coherent polarized light propagation through a step-index fiber. This chapter is based on published results, but some recent results are added. The chapter is organized in the following way. The first section is devoted to the theoretical description of coherent polarized light wave propagation through a multimode step-index fiber. The approximation of weak guiding modes is used. The results of the next sections are based on the first section. The second section presents the results of the theoretical prediction and the experimental investigation of the isolated wave front dislocation formation (Darsht et al., 1995) . The optical Magnus effect (Doogin et al., 1992) and its peculiarity in a few modes fiber are discussed in the third section. It also presents the results of computer simulation and the experimental results. The optical Magnus effect is observed under the switch of the circular polarization sign. The influence of light polarization on the speckle pattern of the polarized light transmitted through a multimode optical fiber will be described in the fourth section (Bolshakov & Kundikova, 2003; Bolshakov et al., 2006) . The influence of external magnetic field on the speckle pattern behavior is considered in the fifth section, as well as the results of computer modeling and the experimental results. (Anikeev et al., 2001; Ardasheva et al., 2002; Baranova & Zel'dovich, 1994; Darsht et al., 1994) . The sixth section deals with the applications results for fiber sensors (Bolshakov et al., 2008; 2011) .
Theoretical description of coherent polarized light wave propagation through a multimode step-index fiber
Let's consider propagation of polarized light in an axial symmetric optical fiber with the following refractive index profile:
where
and in the approximation of weakly directing waveguide
The function f (R) looks like the following:
f (R)=0, R = r/ρ < 1,
and n(r)=n co , r/ρ < 1, n(r)=n cl , r/ρ > 1.
Here r = |r|, (x, y)=r are the transverse coordinates, ρ is the radius of the fiber core, n co and n cl are the refractive indexes of the core and the cladding respectively. In the approach of weakly directing waveguide the requirements of symmetry allow to write down four polarization modes in the following form for any orbital angular momentum m (m ≥ 0) and radial quantum number N (Snyder & Love, 1984) :
m,N (r, ϕ)= cos (mϕ) e x − sin (mϕ) e y · F m,N (r), e
m,N (r, ϕ)= cos (mϕ) e x + sin (mϕ) e y · F m,N (r), e
m,N (r, ϕ)= sin (mϕ) e x + cos (mϕ) e y · F m,N (r), e
m,N (r, ϕ)= sin (mϕ) e x − cos (mϕ) e y · F m,N (r). Here e x , e y are the eigenvectors, x = r · cos ϕ, y = r · sin ϕ. The radial distribution function F m,N (R) looks like:
where J m and K m are Bessel and McDonald functions accordingly, quantities U N and W N for each value m are determined from the equation:
is the wavelength of light in the air. In the scalar approach all modes propagate with an equal velocity, determined by the propagation constant β m,N :
The influence of the state of polarization of each of the four modes on its propagation velocity is taken into account by the introduction of the polarization corrections δβ (j) m,N to the propagation constants. The polarization corrections are determined as follows:
(10)
Here
If the fiber has a step like refractive index profile, the expressions will be the following: Taking into account Eq. (12) let us obtain the following expressions for the polarization corrections to the propagation constants in the case of a fiber with a step like refractive index profile:
1,N = δβ
As δβ Thus, if polarized radiation with the right or left circular polarization is incident on the input of the fiber, the modes with m = 0 and m > 1 will retain the state of polarization.
Polarized light with arbitrary state of polarization of light can be presented as superposition of light with the left and right circular polarization. Let us use Jones calculus (Azzam & Bashara, 1977; Gerrard & Burch, 1975) to describe the propagation of polarized quasi-monochromatic plane light wave along z-axis. Normalized Jones vector of the wave with arbitrary state of polarization can be presented in the following reductive form:
here A = |E x | |E|, B = E y |E|, |E| = |E x | 2 + E y 2 and δ = δ x − δ y . Arbitrary Jones vector can be represented as a linear combination: The coefficients C L and C R determine the contribution of left-handed and right-handed circular polarized light into the state of polarization defined by Jones vector E. The coefficients depend on the angle of ellipticity ε, and the angle ε depends on ellipticity e in the following way:
where a is the length of a large semi axis of polarization ellipse and b is the length of a small semi axis of polarization ellipse. Following (Azzam & Bashara, 1977) represent the coefficients C L and C R as a function of the angle of ellipticity ε:
Let E 0 (r, ϕ) is the field of light wave falling on the input end of an optical fiber with the length z. The arbitrary state of polarization of the wave is defined by a normalized Jones vector Eq.
. Then
were E − 0 (r, ϕ) is the amplitude of light wave with left-handed circular state of polarization at the optical fiber input, E + 0 (r, ϕ) is the amplitude of light wave with right-handed circular state of polarization at the optical fiber input. To describe the propagation of linearly polarized light or light with the arbitrary state of polarization through the fiber, it is possible to consider propagation through the fiber of light with circular polarization at the fiber input. According to the results of the paper (Darsht et al., 1995) :
Here those modes which do not retain circular polarization under propagation through the fiber are selected. It is necessary to underline that in case of the linear polarization at the fiber input the modes e 
1,N + 1
1,N − 1 .
The intensity of the light at the optical fiber output I + (r, ϕ, z) and I − (r, ϕ, z) are the following:
One can see from Eqs. (22) and (23) that circular polarization does not conserve under the light propagation through an optical fiber with step index profile. All described above is used in the following sections.
Theoretical prediction and the experimental investigation of the isolated wave front dislocation formation
Here the possibility of the formation of a wavefront with an isolated screw dislocation of a given sign during the propagation of circularly polarized light through a multimode optical fiber is described. It follows from Eq. (22) and Eq. (23), that only the modes e 2 1,N and e 4 1,N contribute to the "foreign" polarization under circularly polarized light propagation through a multimode fiber. In the geometrical optics interpretation the modes e 2 1,N and e 4 1,N correspond to meridional rays for which circular polarization is not conserved because of symmetry consideration (Baranova & Zel'dovich, 1994; Snyder & Love, 1984) . If a "circular analyzer" transmitting circular radiation opposite in sign to σ at the fiber input is placed at the fiber exit, only the corresponding modes with m = 1 will be transmitted through that analyzer. Let us consider the field passing through the "circular analyzer" in greater detail. This field is described by the last term in Eq. (22)) and Eq. (23). If light with σ = 1 enters the fiber the field with σ = −1 transmitted through the "circular analyzer" will have the following form:
The factor exp (iϕ) indicates that the wavefront of the field (Eq. 24) contains one positive screw dislocation. If the entrance of the waveguide is illuminated with circularly polarized radiation with σ = −1 and circularly polarized radiation with σ =+1 is extracted at the fiber exit, the field E −+ after the "circular analyzer" will have the following form:
It means that the light field (Eq. 25) contains one negative screw dislocation.
It follows from Eq. (24) and Eq. (25) that the intensity distribution I +− = E +− · E +− * across the fiber does not depend on the angle ϕ, i.e., the intensity distribution has axial symmetry. In the special case of an optical fiber with a small number of modes, such as N max = 1 for m = 1, the intensity of the "foreign" polarization is a periodic function of the fiber length:
The intensity I +− and I −+ are maximum for fiber lengths
The intensity I +− and I −+ are minimum for fiber lengths
Therefore, if circularly polarized radiation with a definite sign of σ is injected into a multimode fiber with a step like index profile and circularly polarized radiation of the opposite sign σ is extracted at the fiber exit, the transmitted radiation will consist of a light wave with an isolated wavefront dislocation, and a sign change of σ at the fiber input together with a corresponding sign change of the "circular analyzer" will result in the change of the screw dislocation sign. Figure 1à shows the calculated intensity distribution of the interference pattern in the case of a plane wave and a converging wave E ∼ A(r, z, t)e iϕ with a positive dislocation, and The experimental generation of a light wave with a wavefront dislocation has been done using an optical fiber with a step like index profile and the following parameters: fiber core diameter 2ρ = 9 µm, difference between the refraction index of the core and cladding δn = n co − n cl = 0.004. According to Eq. (8) twelve modes can propagate through the fiber:
2,1 (r, ϕ).
The optimum fiber length has been calculated and determined in accordance with Eq.(28).
The polarization correction δβ (2) 1,1 has been found to be 0.20526 −1 . As it was stated above the part of "foreign" polarization in intensity of light at the end of a fiber is periodical, that can also be seen in Fig. 2 for a fiber with parameters described above. The length of the fiber under investigation z = 114 cm corresponded to n = 7 in Eq. (28). A Mach-Zender interferometer scheme was used to record the wavefront with an isolated dislocation. It should be stressed that an adjustable polarization system with the quarter wave property (Goltser et al., 1993) has been used for "circular polarizer" and "circular analyzer". The device provided up to 98% circular polarization. Figure 3 shows photos of the interference pattern of a plane wave and the converging wave under investigation. Figure 3a illustrates the situation when circularly polarized light with σ =+ 1 is incident upon the fiber input and a circularly polarized light wave with σ = −1, containing a positive screw wavefront dislocation, is extracted by the "circular analyzer." As one can see in Fig. 3a , the interference pattern is a clockwise spiral. Comparing with Fig. 1a shows that this result agrees completely with theory. Figure 3b Fig. 3 . Photos of the interference pattern on the screen. a -Circularly polarized radiation with σ =+1 is incident at fiber input and circularly polarized radiation with σ = −1 is extracted from the output radiation. b -Circularly polarized radiation with σ = −1 is incident at fiber input and circularly polarized radiation with σ =+1 is extracted from the output radiation.
like the spiral in Fig. 1b . Therefore, this result also agrees completely with the expected result. It should be emphasized that only one spiral is observed in the interference pattern in Figs. 3a and 3b; this corresponds to an isolated wavefront dislocation.
As a result of this work, the possibility of the formation of a light wave with an isolated wavefront dislocation having a fixed sign has been proved. Such a wave is formed when polarized radiation passes through a multimode optical fiber placed between crossed "circular polarizers". The sign of the dislocation changes when the sign of the "circular polarizers" at the fiber input and exit changes.
The optical Magnus effect and its peculiarity in a few modes fiber
As it has been mentioned above, optical Magnus effect manifests itself as speckle pattern rotation of circular polarized light transmitted through a multimode step-index fiber under
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Optical Effects Connected with Coherent Polarized Light Propagation Through a Step-Index Fiber www.intechopen.com circular polarization sign change (Doogin et al., 1992; 1991) . Using Eq. (22) and Eq. (23) let us consider a case when we illuminate a multimode optical fiber by right and left polarization in turn, but with strictly the same modal distribution at the input and omit all modes with m = 1. Eq. (22) and Eq. (23) take the following form.
Let us compare the angular intensity distributions for the left handed (σ = −1 ) and right handed (σ =+ 1 ) circular polarizations in some cross-section. Fig. 4 shows the Fig. 4 . The angular intensity distributions for the left handed (σ = −1) and right handed (σ =+1) circular polarizations in some fiber cross-section speckle-patterns particular realization for the left and right circular polarizations. It can be seen from Fig. 4 that the whole picture suffers angular shift (rotation) saving main features and being slightly distorted under the change of the circular polarization. To extract the pure rotation from the whole change of the speckle-pattern the correlation function has been calculated.
The first experimental observation of the speckle pattern rotation under the change of the circular polarization has been done using a fiber with the following parameters. The fiber diameter was 2ρ = 200 µm; the difference between refractive indices of quartz core and polymeric cladding ∆n = n co − n cl = 0.006 was measured via the critical angle of propagating rays; the fiber length was 96 cm. Changing circular polarization of propagating light from left-handed to right-handed resulted in the speckle pattern flowing clock-wise in accordance with the theoretical prediction. During that flowing some details of speckle-pattern changed, but the main features were conserved under rotation. The fragments of the speckle-patterns for both circular polarizations are shown in Fig. 5 . The arrow points out the bright sport that was rotated slightly changing In order to determine the "rotation angle" an experimental analog of the correlation function technique was used in the paper (Doogin et al., 1992) . The negative slide for the right-handed circular polarization speckle-pattern was projected to the positive photograph of the left-handed one and the least contrast was achieved by their mutual rotation. The angle between the two coordinate nets corresponding to the contrast minimum was regarded as the "rotation angle". It was (1.4 ± 0.5) • for the fiber under investigation.
For the first time optical Magnus effect has been observed in a multi-mode optical fiber (Doogin et al., 1992; 1991) , and all calculations of the speckle pattern rotation angle have also been done (Doogin et al., 1992) for a multimode fiber, but the influence of meridional rays has been neglected. Using the wave interpretation we can associate meridional rays with TE and TM modes. Their combination is circular polarized, but due to the difference of their propagation velocity circular polarization does not keep unchanged in contrast to all other skew rays. In the case of multimode fiber contribution of meridional rays can be neglected but the speckle pattern rotation angle in such fibers is too small, of order 0.1 degree per 1 centimeter of fiber's length. In a few mode fibers rotation angle is two orders larger, but the contribution of meridional rays is noticeable.
One can see from Eq. 22 and Eq. (23) that during propagation of light with "original" polarization "foreign" polarization appears due to the presence of modes with m = 1 (TE and TM modes). The contribution of these modes has a periodical nature along the fiber length. To calculate the light intensity distribution across the fiber cross section Eq. 22 and Eq. (23) were used. In Fig. 6 speckle patterns at the end of the fiber with following parameters: 2ρ = 9 Fig. 6 . Speckle patterns at the end of the fiber with following parameters: 2ρ = 9 µm, n co = 1.47, δn = 0.004, z = 18 cm, λ = 0.6328 µm.
µm, n co = 1.47, δn = 0.004, z = 18 cm, λ = 0.6328 µm are presented. It can be seen in Fig. 6 that this fiber is a few mode fiber. A rotation of speckle patterns can be observed. The number of maximal remains the same, but their intensities change due to modes with m = 1.
Regardless the modes with m = 1, the rotation with no change of maximal intensity will be observed. It is well known that the number of modes propagating in optical fiber depends on the radius of the fiber's core, the difference between refractive indices of the core and the cladding and the wavelength. To determine the fiber parameters for which the contribution of modes with m = 1 becomes noticeable the speckle pattern rotation angles for different diameters of fiber core (Fig. 7 ) were calculated. The calculation was realized in two ways: Fig. 7 . The dependence of speckle pattern rotation angle on the fiber core radius: taking modes with m = 1 into consideration (1) and neglecting those modes (2).
taking modes with m = 1 into consideration and neglecting those modes. Figure 7 indicates that at ρ ≥ 8 µm we can neglect the contribution of modes with m = 1 and the rotation angle is ∼ 50 • at length 18 cm. As it can be seen in Fig. 2 the contribution of modes with m = 1 is equal to 0 at length multiple to ∼ 30 cm. We should suppose that for this fiber the rotation of speckle pattern can take place only at this length. At the length multiple to ∼ 15 cm it will be no rotation due to maximal contribution of modes with m = 1. In order to examine this supposition the dependence of speckle pattern rotation on fiber length was computed (Fig. 8 ) . The software calculating the Fig. 8 . The speckle pattern rotation angle dependence on the fiber length for two different realization of speckle pattern rotation angle between two speckle patterns yields the value of rotation angle even if there is no rotation. In this case the obtained value differs from the expected one immensely. This is a cause of the scattering of points in Fig. 8 . At the length multiple to ∼ 15 cm the scattering is maximal (rotation is absent). At the length multiple to ∼ 30 cm there is almost no scattering. In this case the rotation can be observed visually on the computer screen that confirms our supposition. Thus, the optimal length for optical Magnus effect observation in the fiber with present parameters is multiple to ∼ 30 cm.
Experimental investigations were carried out at a fiber with step like index profile and 2ρ = 9 µm, n co = 1.47, the numerical aperture N A = 0.11 at the wavelength λ = 0.6326 µm. Optical Magnus effect was distinctly observed at the small fiber length in the range from 4 till 20 cm. The experimental results are presented in Fig.9 . The calculated dependence of the speckle pattern rotation angle on the fiber length is shown in Fig. 9 too. One can see in Fig. 9 that the angle of the speckle pattern rotation depends on the fiber length linearly, but there is difference in the slope of the experimental and theoretical lines. It can be connected with the speckle pattern distortion.
The influence of the meridional modes contribution on the optical Magnus effect in fibers with different numbers of modes has been demonstrated.
The influence of light polarization on the speckle pattern of the polarized light transmitted through multimode optical fiber
Let us consider the propagation of arbitrary polarized light through an axially symmetric optical fiber with a step like refractive index profile. The arbitrary state of polarization . Experimental and calculated the speckle pattern rotation angle as a function of the fiber length for the fiber with the diameter 2ρ = 9 µm, the core refractive index n co = 1.47, numerical aperture N A = 0.11 at the wavelength λ = 0.6328 µm.
is defined by the ellipticity angle ε. The contribution of the intensity of the right circular polarized light to the whole intensity β r is defined by the following way:
Here the coefficient C R is defined by Eq.18. In order to determine the light intensity distribution across the fiber section at the fiber output end (speckle pattern) I(r, ϕ, z) as a function of β r at the fiber input Eq. (24) has been used.
A multimode optical fiber with a step like index profile and ρ = 50 µm, n co = 1.47, n cl n co − n cl = ∆n = 0.016 has been chosen for experimental investigation. Optical Magnus effect is distinctly observed in this fiber. Calculation of the speckle patterns according to Eq. (24) has been carried out for a fiber with the same parameters. Figure 10 shows the dependence of the speckle pattern angle rotation ψ on the fiber length z for two various mode structure (different sets of coefficients A m,N and B m,N ) of light propagating through the optical fiber under investigation. One can see in Fig. 10 , that there is some critical length z max ≈ 15. If the fiber length is less than critical length z max , the dependence ψ(z) will be linear and the rotation angle will increase with the increase of the fiber length. If the fiber length is greater than critical length z max the rotation angle will decrease with the increase of the fiber length. This behavior can be explained by the relative angular size of the single speckle ϕ speckle . The speckle pattern rotation will be distinctly observed only if ψ < ϕ speckle .
Two pieces of the fiber of different length have been chosen for experimental investigation. The length of the first fiber was almost critical (z = 15.4 cm) and the length of the second fiber was greater than the critical length(z = 20.5 cm). Radiation of He-Ne laser with wave length λ = 0.628 µm has been used under experimental investigation. The polarizing system consisting of a polarizer and an adjustable quarter wave plate (Goltser et al., 1993) allowed to change the light polarization state from right circular polarization β r = 1 to left circular polarization β r = 0. Value β r = 0.5 corresponds to linear polarized light. The images of speckle patterns of light at the fiber exit have been registered in a digital form. The special software was used for the speckle patterns analysis of the determination and for the rotation angle. Fig. 11a corresponds to the left circular polarization at the fiber input (β r = 0), image in Fig. 11b corresponds to the elliptical polarization at the fiber input with β r = 0.75. Radiation was entered into the fiber under some angle to the fiber axis, as a result the speckle pattern had the form of a ring (Zel'dovich et al., 1996) . It can be seen in Fig. 11 , that the main speckle pattern features are kept unchanged under the change of the relative contribution of the right circular polarized light, the speckle rotation was distinctly observed visually. The speckle pattern rotation was also confirmed by the computer processing of the images, the angle of rotation was determined. The speckle pattern rotation was also observed under other states of polarization change. Figure 12 and Fig. 13 show the experimental and calculated angles of the speckle pattern rotation ψ as a function of the contribution of light with the right circular polarization β r into the elliptical polarization for the fiber length z = To sum up, the change of the light ellipticity at the optical fiber input results in speckle pattern rotation at the fiber output and the angle of rotation depends linearly on the contribution of the light intensity with right-handed circular polarization into the intensity with the elliptical state of polarization. The length of the fiber where the linear dependence of ψ (β r ) is observed is determined by optical fiber parameters.
The influence of external magnetic field on the speckle pattern behavior
It is well known that under light propagation through an optical medium placed in an external magnetic field a rotation of the polarization plane of linearly polarized light is observed. This rotation is a result of the changes of the refractive indexes of light with the left and right circular polarization under the influence of a magnetic field. However no marked change of the trajectory of light was observed. It has been shown by (Baranova & Zel'dovich, 1994) , that the influence of a magnetic field on light propagation in an optical fiber located in a longitudinal magnetic field can result in noticeable rotation of a speckle pattern and the angle of rotation ϕ will be proportional to the Verdet constant V, value of the magnetic field H and the length of the fiber in the magnetic field z:
For the observation of this effect it was proposed to illuminate the input of a fiber with linearly polarized light, and to choose the linearly polarized component with the same azimuth in light passed through a fiber. In the paper (Baranova & Zel'dovich, 1994) theoretical analysis of the effect was carried out within the framework of the elementary model in which light propagation in an axial symmetric optical fiber which keeps in scalar approach only three modes was considered.
The experimental results obtained in the paper (Darsht et al., 1994) have shown that such a rotation can really be observed, and the direction of the rotation varies on the change of the external magnetic field direction. The effect of the magnetic rotation of the speckle pattern was observed under light propagation through a quartz fiber. The value of the Verdet constant for quartz at the wavelength λ = 0.633 µm is equal to V = 1.4 · 10 −2 min/(Gs · cm) that can provide the rotation of the speckle pattern over the angle 0 ≈ 2 • at the value of the magnetic field H = 500 Gs and the length of the fiber in the magnetic field 21.5 cm. To enhance the effect (Darsht et al., 1994 ) the fiber was passed through a solenoid with a magnetic field some times, so that the length of the fiber in the magnetic field increased up to 140 cm. The angle of the rotation of the speckle pattern was determined at the change of the direction of the magnetic field H = 500 Gs and it was equal to 15 • . The angle of the Faraday rotation would be ≈ 40 • under the same conditions.
Let us consider light propagation through an optical fiber placed into longitudinal magnetic field in detail. Following the paper (Baranova & Zel'dovich, 1994) let us suppose that longitudinal magnetic field influences the propagation constant of only modes which retain their circular polarization and the change of the propagation constant value is δβ = −σVHz. Using Eq. (22) and Eq. (23) one can obtain the dependence of the fields E − (r, ϕ, z, H) and Will-be-set-by-IN-TECH E + (r, ϕ, z, H) on the magnetic field in the following form:
It can be seen from the expressions (34) and (35) that the case, when the circular polarization of the light at the input and output of the fiber is different, special, namely, the magnetic field does not influence the intensity distribution at the fiber output. This situation can be used for experimental verification of the adequacy of the used model. If the circular polarization at the input and output of the fiber has the same sign, the magnetic field will influence a speckle pattern at the fiber output.
The analysis of the expressions (34) and (35) shows that the modal structure of the radiation, propagating through a fiber, influences the behavior of the speckle pattern in the magnetic field. The angle of the speckle pattern rotation described by the expressions (34) and (35) is determined by the factors exp [+m (ϕ − VHz/m)] and exp [−m (ϕ + VHz/m)]. These expressions show that the increase of the number of a mode results in the decrease of the angle of the speckle pattern rotation. The different angular contribution of the modes of different orders should result in such change of the speckle pattern which cannot be regarded as rotation. It means, that the rotation of the speckle pattern in a magnetic field should be manifested well in fibers which retain modes of the lowest orders, for such a case we shall consider the situation when the input light is linearly polarized, and the output linearly polarized light has the same azimuth of polarization. Let's consider the influence of a magnetic field on linearly polarized light propagating through a few modes optical fiber retaining only modes with m = 0 and m = 1. Suppose that N = 1 and omit the coefficient N. Let the linearly polarized radiation at the fiber input be polarized along the x-axis, and the linearly polarized radiation at the fiber output have the same azimuth of polarization, then the amplitude of the field of the light wave E x x at the fiber output will look like the following:
In the simplest special case, when A 0 = B 0 = 0 and A 1 = B 1 = A the expression (36) becomes:
1 cos ϕ .
As it follows from the expression (37), even in the simplest case which is difficult to implement experimentally, the rotation of the speckle pattern under the magnetic field change will be observed on some steady background which is determined by the length of the fiber. It means that the best conditions of a speckle pattern observation are determined not only by the mode structure of the radiation propagating through a fiber, but also by the fiber length.
The light intensity at the fiber output is the following:
It is possible to group together the terms in the expression (38) on their dependence on the variables r, ϕ, z and H:
Only the third term I xx 3 (r, ϕ, z, H) in Eq. (39) depends on the magnetic field and influences the angular distribution of the intensity at the fiber output. Let us consider this term in detail:
Here I xx and tan γ(z,
It follows from the expression (41) that the speckle pattern rotation under the magnetic field influence will be determined by the angle γ (z, H) /2. In the approach VHz ≪ 1 it is possible to present the expression (44) as follows:
Thus, it follows from the expression (45) that under the considered approach the angle of rotation linearly depends on the value of the applied field at the given length of the fiber. Dependence of the rotation angle on the length of the fiber at a specified value of a magnetic field has a nonlinear character. The linear dependence is possible in two cases, when C(z) ≪ 1 or C(z) ≫ 1. The function C(z) is periodic and varies in the range from −2upto+2, therefore, linear dependence of the rotation angle on the length of the fiber is possible only in a narrow range of lengths of the fiber.
Eqs. (34) and (35) were used for numerical modeling. The following parameters of an optical fiber with a step like refractive index profile were used: n co = 1.47, ∆n = 0.004 and ρ = 4.5 µm. The Verdet constant V was accepted to be equal to V = 1.4 · 10 −2 min/(Gs · cm). The coefficients in the expressions (34) and (35) were chosen by means of the random number generator. Calculation was carried out for different states of polarization at the fiber input and output, it was revealed that the state of polarization plays the important role only in one, the above-stated case. In Fig. 14 the calculated dependences of the angle of rotation of the Fig. 14 . Dependence of the angle of the speckle rotation on the value of a magnetic field at a different mode structure of radiation, the total length of the fiber L = 100 cm, the length of the fiber in the field L mf = 23 cm.
speckle pattern of light passed through an optical fiber placed in a longitudinal magnetic field at the change of a direction of a magnetic field on the magnetic field value are presented. Figure 14 shows that the angle of rotation of the speckle pattern of light propagating in a few modes fiber placed in a longitudinal magnetic field linearly depends on the value of the applied magnetic field, however, the angle of rotation at the fixed value of the magnetic field depends on the mode structure of the radiation propagating through the fiber. The experimental research of the propagation of the polarized radiation in a few modes germanosilicate optical fiber was carried out using a fiber with the following parameters: the difference of the refractive indexes of the core and the cladding δn = 0.004, the diameter of the core of the fiber ρ = 4.5 µm. A He-Ne laser was used as the radiation source, the experimental setup allowed to replace this laser with another one radiating at a required wavelength. For the analysis of obtained images of speckle patterns (for the demonstration of an angle of rotation) the special software for computer image processing was developed which allowed to compare two images, to determine the angle of mutual rotation with high accuracy and also the degree of identity of two images. The special software was used for processing both the experimental results and the results of the computer simulation. Images of speckle patterns of the radiation with the wavelength λ = 633 nm propagating in the same a few mode germanosilicate optical fiber placed in the longitudinal magnetic field of the value 500 Gs are presented in Fig. 15 . The images were registered under opposite directions of (a) H =+500 Gs (b) H = −500 Gs Fig. 15 . images of the speckle patterns of the radiation with the wavelength λ = 633 nm propagating in a few modes germanosilicate optical fiber placed in the longitudinal magnetic field of the value 500 Gs at the opposite directions of the magnetic field.
the magnetic field. The speckle pattern is practically unchanged, and the visual observation confirms the presence of the rotation.
However, the change of the conditions of the radiation input has shown that the change of the mode structure can result in a significant speckle pattern change under the change of the magnetic field direction, but this change is not characterized by rotation. To investigate the influence of the magnetic field on the speckle pattern rotation under different conditions, the conditions for input of the He-Ne laser radiation were chosen such that provided the speckle pattern change of the rotation type. Dependence of the rotation angle of the speckle pattern of the radiation of the He-Ne laser passed through the germanosilicate optical fiber placed in the longitudinal magnetic field on the value of the magnetic field is presented in Fig. 16 . One can see in Fig. 16 that the angle of rotation of the speckle pattern is linearly dependent on the value of the applied magnetic field. The investigation has shown that the change of the mode structure of the radiation propagating through the fiber results in the change of the slope of the linear dependence, however, the angle of rotation always was less than the Faraday angle.
The influence of a state of polarization at the fiber input and output on the behavior of the speckle pattern in the magnetic field was studied. It is revealed that generally the state of polarization does not influence the behavior of the speckle pattern under the change of the direction of the magnetic field. Essentially the other situation is observed in the case when circular polarization at the fiber input and output has opposite sign. According to the theoretical predictions no change of the speckle pattern at the change of the magnetic field direction was observed under any conditions of radiation input into the fiber.
The results of the investigations carried out for germanosilicate fibers, along with the comparison of the theoretical and experimental results, allow to conclude that the magnetic rotation of the speckle pattern of the light transmitted through an optical fiber placed in a longitudinal magnetic field will be best observed in optical fibers which keep only modes of the two lowest orders. The values of the magnetic field H, the Verdet constant V, and the fiber length in the magnetic field z should be such that VHz ≪ 1.
Applications for fiber sensors
The analysis of the Eqs. (34) and (35) shows that modal structure of the radiation, propagating through a fiber, influences the behavior of the speckle pattern in the magnetic field. The angle of rotation of the speckle pattern described by the expressions (34) and (35) 
Equation (46) shows that the increase of the number of a mode results in the decrease of the angle of the speckle pattern rotation. Thus, the different angular contribution of the modes of different orders should result in such change of the speckle pattern which cannot be regarded as rotation. Figure 17 and Fig.18 show the images of the speckle patterns calculated using Eqs. (34) and (35) for the fiber with ρ 0 = 4.5 µm, N A = 0.11, n co = 1.47, and the fiber length in the magnetic field L mf = 20 cm for the light wavelength λ = 0.532 µm and the magnetic field strength H = 1000 Gs. The calculations were performed for the case when all the modes that can be excited at the given wavelength propagate through the fiber and for the case when only modes with m = 0 and m = 1 propagate through the fiber. As can be seen in Fig. 17 18, the speckle pattern is distorted when the magnetic field is switched on, but when only the modes with m = 0 and m = 1 propagate, the speckle pattern is rotated.
It can be expected that the distortion of the speckle pattern will be proportional to the magnetic field strength. To prove this hypothesis, the dependencies of the speckle pattern rotation angle and the rms deviation of two speckle patterns on the magnetic field strength have been calculated for the case when only the modes with m = 0 and m = 1 are retained in the fiber and for the case when all possible fiber modes propagate. The results of calculations for the fiber with the same parameters ( ρ 0 = 4.5 µm, N A = 0.11, n co = 1.47, L mf = 20 cm, λ = 0.532 µm) are shown in Fig. 19 . It can be seen in Fig. 19 that, for the case when pure rotation of the speckle pattern in the fiber can be observed, the angle of rotation of the speckle pattern and the rms deviations of the speckle pattern obtained at H = 0 and H = 0 vary linearly with the magnetic field strength, though the slopes of these two straight lines are different. When all modes propagate in the fiber and only the distortion of the speckle pattern can be observed, the rms deviations of the speckle patterns obtained at H = 0 and H = 0 also vary linearly with the magnetic field strength; however, the slope of the line is smaller than in the case when only modes with m = 0 and m = 1 are retained in the fiber. Thus, to detect changes in the magnetic field strength, one can use both the dependence of the speckle pattern rotation angle on the magnetic field strength and the dependence of the rms deviation of the speckle pattern on the magnetic field strength.
Changes in the speckle pattern can be easily detected by means of a CCD camera and a computer. However, this method of detection is not suitable for detecting changes in the speckle pattern caused by rapidly varying or pulsed magnetic fields. As a promising method of detecting changes in the speckle pattern, the method of recording dynamic holograms in photorefractive crystals may be considered .
Let us consider the records and reconstruction of holograms in a photorefractive crystal by an inhomogeneous light field (by a speckle pattern). The hologram of interference between the signal beam (speckled field) and the reference Gauss beam is written in the photorefractive crystal in the absence of the magnetic field. The signal beam is a speckled light field transmitted through the optical fiber. If the reference beam is blocked after the hologram has been written, then the signal beam illuminating the photorefractive crystal will restore the Gaussian beam. The influence of the magnetic field results in the speckle pattern distortion. Under these conditions, the intensity of the restored Gaussian beam decreases in proportion with the degree of the speckle pattern distortion and, hence, in proportion with the magnetic field strength.
A few mode optical fiber with a step like refractive index profile was used for experimental investigation. The length of the fiber is 36 cm, ρ 0 = 4.5 µm, n co = 1.47 and N A = 0.11. A photorefractive crystal of barium-sodium niobate Ba 2 NaNb 5 O 15 (BNN), 3.5 × 5.0 × 7.5 mm 3 in size was used as a nonlinear medium for recording dynamic hologram. The pulsed magnetic field was produced by a solenoid. A beam of laser operated at a wavelength λ = 0.532 µm was used. The intensity of the diffracted beam was detected upon excitation of different modes in the optical fiber, i.e., at different kinds of the speckle pattern at the fiber end. Figure 20 shows the experimentally obtained dependence of the reconstructed Gauss beam intensity on the value of magnetic field on the solenoid axis. It can be seen in Fig. 20 that the reconstructed Gauss beam intensity depends on the value of magnetic field linearly. It means that the form of the pulse magnetic field can be easily determined. As a result, the usage of the effect of distortion of the speckle pattern of the light transmitted by the optical fiber in an external longitudinal magnetic field in combination with dynamic holography of the speckle fields can be used to detect the magnetic field pulse shape.
